Efficient control and detection of spins are the most important tasks in spintronics. The current and voltage applied to a magnetic tunnel junction may exert a torque on the magnetic thin layer in the junction and cause its reversal or continuous precession. The discovery of the giant tunnelling magnetoresistance effect in ferromagnetic tunnelling junctions using an MgO barrier enabled us to obtain a large signal output from the magnetization reversal and precession. Also, the interplay of large spin configurationelectric conduction coupling provides highly nonlinear effects like the spin-torque diode effect. The negative resistance effect and amplification using it are predicted. A new discovery about a voltage-induced magnetic anisotropy change in Fe ultrathin films is also discussed.
Tunnelling magnetoresistance effect
Efficient control and detection of spins are the most important issues in spintronics. The discovery of the giant magnetoresistance effect in ferromagnetic metallic multi-layers [1] and the tunnelling magnetoresistance effect in magnetic tunnel junctions (MTJs) using an Al-O barrier [2, 3] enabled the effective detection of magnetization in nanoscale magnetic cells. In figure 1 , a schematic of an MTJ is shown. The MTJ consists of two ferromagnetic layers (e.g. CoFeB) separated by an insulating barrier layer. The electrical conductance, G, of the junction varies with the relative angle, q, between the two magnetization directions as [4] G(q) = G P + G AP 2 + G P − G AP 2 cos q. In the bird's eye view, the upper magnetic layer acts as a magnetically free layer, whereas lower magnetic layers are thicker than the free layer and act as a spin polarizer. The spins in the lower layer are usually pinned by an exchange interaction at the bottom interface to an antiferromagnetic material. Therefore, the spin polarizer layer is often called the pinned, fixed or reference layer. In MTJ nanopillars, the layer between the two ferromagnetic layers is made of an insulator such as MgO. (b) Top view of the junction, which has an elliptical shape with a diameter of around 100 nm. (c) The actual stack structure of the MTJ. A magnetic multi-layer including the tunnelling barrier is deposited under vacuum by a sputtering method. The free layer is typically a few nanometres thick. (d) Cross-sectional image of a typical MTJ. The image was taken for a cleaved cross-section of the MTJ using a scanning electron microscope (SEM) operated at 5 kV.
Here, G P and G AP are the conductance for parallel (q = 0) and anti-parallel (q = p) configurations of the magnetizations, respectively. The magnetoresistance ratio (MR) is usually defined as the ratio of the conductance change to the conductance in the anti-parallel configuration:
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The maximum MR was thought to be around 70 per cent for 3d transition metal/Al-O MTJs because of the limited spin polarization of the conduction electrons at the Fermi energy in the 3d ferromagnetic transition metals. MTJs using an MgO barrier, however, had overcome this limitation [5] [6] [7] by virtue of their band selectivity and are now offering more than 1000 per cent MR at room temperature (RT) [8] .
In this paper, we show that 3d transition metal/MgO barrier junctions also offer effective methods to control the magnetization direction by the application of either current or voltage.
Spin-injection magnetization switching
The electric current-induced spin-transfer torque was first predicted theoretically [9, 10] and subsequently observed experimentally in metallic nanojunctions as an excitation of spin waves [11] and as a spin-injection magnetization switching The junction area, free-layer thickness, resistance × area product and MR are 100 × 200 nm, 3 nm, 3 U mm 2 and about 100 per cent, respectively. Measurements were performed at RT using electric current pulses of t p = 100 ms duration. The resistance of the junction was measured after each pulse to avoid the effect of heating on the sample resistance.
(SIMS) [12] . Later, SIMS was also observed in Al-O barrier MTJs [13] and in MgO barrier MTJs [14, 15] . In figure 2 , typical resistance-current hysteresis in a CoFeB/MgO/CoFeB MTJ [14] is shown. Magnetization switchings between parallel (P) and anti-parallel (AP) states were observed as resistance changes owing to the MR effect in the MTJ. The sample was made by sputter deposition and successive ion milling, metallization and annealing processes [14] . The lateral shape of the MTJ pillar was elliptical, with dimensions of about 200 × 100 nm. The angular momentum in the fixed layer, S 1 , is fixed along the major axis of the ellipse through an exchange interaction with the antiferromagnetic layer made of PtMn. Without current injection, the angular momentum in the free layer, S 2 , also lies along the major axis of the ellipse, because of magnetostatic shape anisotropy, and is in either a parallel (P) or anti-parallel (AP) state with respect to S 1 . To give an asymmetry with respect to the current direction, the thickness of the free layer is smaller than that of the fixed layer. The current was applied as a series of 100 ms wide pulses. In between the pulses, the sample resistance was measured to check the magnetization configuration while the pulse height was swept between −1.5 and +1.5 mA. For the data shown in figure 2 , the hysteresis measurement started at zero pulse height for the P state (285 U). An increase in pulse height caused a jump from the P state to the AP state (560 U) at +0.6 mA. Further increase in the pulse height followed by a reduction to zero current did not affect the state. Subsequently, negative pulses were applied to the sample. At −0.35 mA, the sample switched its magnetization from the AP state to the P state. The average switching current density was about 6 × 10 6 A cm −2 . No intermediate resistance state between the P and the AP states was observed during either of the two switching events: the switching events were always abrupt and complete. The slope of the hysteresis loop at the switching point is only due to the discrete measurement points, which were not regularly placed because of the large change in the resistance. The P to AP and AP to P switching events occurred at different current levels because of the dipole and the so-called orange peel coupling field from the pinned layer. In the experiment, an external field of −4.8 kA m −1 was applied to cancel these coupling fields.
Landau-Lifshitz-Gilbert equation with spin-torque terms
For simplicity, here, we assume that the local spins within the magnetic cell are aligned in parallel and form a coherent macro-spin. This assumption is not strictly valid, even in the static case, since the demagnetization field inside the cells is not uniform. Nevertheless, despite the predicted limitations, the macrospin model is still useful because of both its transparency and its definite validity for uniform-mode (ferromagnetic resonance (FMR) mode) excitations. The time evolution of the macro-spin, S 2 , can be expressed by the following Landau-Lifshitz-Gilbert (LLG) equation, which includes a spin-transfer torque term [9, 10] and a field-like torque term [16] [17] [18] [19] [20] [21] [22] [23] :
Here s 2 (s 1 ) is a unit vector that expresses the direction of the spin angular momentum of the free layer (fixed layer); the orbital moment, which is very small for 3d transition metals, is neglected in this treatment; and g is the gyromagnetic ratio, where g < 0 for electrons. The first term is the effective field torque, the second is the spin-transfer torque, the third is a field-like torque and the fourth represents Gilbert damping. The effective field, H eff , is the sum of the external, demagnetization and anisotropy fields. As will be explained later, the anisotropy field can be controlled using the applied bias voltage, V . G ST and G FT are coefficients of the intensity of the spin-transfer and field-like torque terms, respectively. In the final term, a is the Gilbert damping factor (a > 0). The directions of the torques and the trajectory during magnetization reversal are illustrated in figure 3 , for the case of an elliptical MTJ. The effective field torque promotes a precession motion of S 2 around the major axis of the ellipse, while the damping torque tends to reduce the opening angle of the precession. The spin-transfer torque is parallel to the damping torque and may change its sign corresponding to the sign of the current. Therefore, if we apply a large enough current having an appropriate sign, the spin-transfer torque overcomes the damping torque, resulting in negative effective damping. This negative damping results in an increase in the opening angle of the precession motion, i.e. an amplification of the precession takes place. Depending on the angular dependence of the effective damping, the amplification of the precession motion leads to a limit cycle (spin-transfer oscillation (STO)) [24] or to a total magnetization reversal (SIMS) [10, 12] .
In figure 3 , the trajectory for the SIMS (figure 3a) is compared with the trajectory for the magnetic-field-induced magnetization switching (figure 3b). The figure also illustrates the magnetic potential shapes during switchings. In the absence of a current and an external magnetic field, the potential shows a double minimum for P and AP configurations of the local spin. For the particular case of SIMS, the spin-transfer torque does not affect the shape of the magnetic potential but amplifies the precession, thereby providing energy to the local spin system. Once the orbital crosses the equator, it converges rapidly to the opposite direction, since the spin-transfer torque extracts energy from the local spin system. In other words, the spin-transfer torque amplifies the precession in the front hemisphere, while enhancing the damping in the back hemisphere. In contrast to this process, the external magnetic field deforms the magnetic potential, and the minimum on the P side disappears. Therefore, the local spin turns towards the AP side. The local spin system, however, keeps excess energy in the back hemisphere. As a result, it cannot stop at once and shows precessional motion (ringing) in the back hemisphere.
Spin-dependent tunnelling and spin-transfer torque
Here, we obtain the expression for the spin-transfer torque according to Slonczewski's simple treatment [4, 25] . A typical device structure is shown in figure 4 . When current is passed through this device, the electrons are first polarized by the thick ferromagnetic layer FM1 and then injected into the thin ferromagnetic layer FM2 through the barrier. The spins of the injected electrons interact with the local spin angular momentum, S 2 , by exchange interaction and exert torque. If the exerted torque is large enough, the magnetization in FM2 is reversed or continuous precession is excited. As a consequence of the total spin conservation, the change in the local angular momentum is equal to the difference between the injected spin current and the gushed spin current,
where I S 1 and I S 2 are the spin currents at the barrier and the non-magnetic (NM) layer, respectively. Since FM2 is very thin, we neglected the spin-orbit interaction in FM2. Equation (4.1) indicates that a torque can be exerted on the local angular momentum as a result of spin transfer from the conduction electrons.
Here, we assume that FM1 is thick enough; therefore, at point P in FM1 (figure 4), the conduction spins are relaxed and aligned parallel to S 1 . In addition, we assume that, at point Q inside FM2, the conduction electrons have already lost their transverse spin component on average because of the decoherence mechanism and that the spins are aligned parallel to S 2 . Therefore, the spin currents at points P and Q, I S 1 and I S 2 , respectively, are parallel to S 1 and S 2 . We also assume the absence of spin scattering at the interfaces; therefore, I S j = I S j . Since the spins of the conduction electrons at P and Q are either the majority or minority spin of the host materials, the total charge current in the MTJ can be expressed as the sum of the following four components:
Here, suffixes + and − indicate the majority and minority spin channels, respectively. For example, I
Q +− represents a charge current flow from the FM2 minority spin band into the FM1 majority spin band. These charge currents are expressed using the conductance for each spin sub-channel, G ±± :
Here, V is the applied voltage. The angle dependence of the conductions can be derived from the fact that the spin functions in FM1 are |maj. = cos(q/2)| ↑ + sin(q/2)| ↓ for the majority spins and |min. = sin(q/2)| ↑ − cos(q/2)| ↓ for the minority spins, and those in FM2 are | ↑ and | ↓ , respectively. Since the spin quantization axes at P and Q are parallel to S 1 and S 2 , respectively, the spin currents at P and Q are obtained easily as follows:
Therefore, after a straightforward calculation, the total current and spin-transfer torque are obtained as follows:
In the first equation in (4.5), the tunnel conductance is a function of cos q. In the second equation, the spin torque is proportional to sin q, similar to the case in equation (3.1) (note that |e 2 × (e 1 × e 2 )| = sin q). Slonczewski termed G ST as the 'torquance', which is an analogue of conductance. A particular point in the MTJs is that the spin torques may have a bias voltage dependence because G ±± has bias voltage dependence.
Spin-torque diode effect and spin-torque measurements
The strong coupling between spin configuration and electrical conductivity gives rise to various nonlinear effects like spin-injection magnetization reversal and spin-transfer oscillation. The spin-torque diode effect is also such a nonlinear effect that manifests not only in MTJs but also in magnetoresistive materials in general. The effect consists of a linear excitation of magnetic resonance by spin torques and a linear electric response of the device to applied current (Ohm's law). To observe the spin-torque diode effect, we prepare a special nanopillar in which both free-layer and fixed-layer magnetizations are in-plane but perpendicular to each other, as shown in figure 5b. We then apply a negative current that induces a preferential parallel configuration of the spins. Thus, the resistance of the junction becomes smaller and we observe only a small negative voltage across the junction for a given current (figure 5a). Next, we apply a positive current of the same amplitude. This current induces a preferential AP configuration and the resistance becomes higher. We observe a larger positive voltage across the junction for a given current (figure 5c). This is the spin-torque diode effect. The effect can be large if the frequency of the applied current matches with the FMR frequency of the free layer. In other words, this effect provides a sensitive FMR measurement technique for the nanopillar moment excited by the spin torque. Therefore, the effect is useful to investigate the high-frequency dynamics of the nanopillar and the physical mechanism of the spin torque itself. The effect can also be referred to as homodyne detection. When the radiofrequency (rf) current across the MTJ is dVG(q) cos ut, because of the spintransfer and field-like torques exerted on the free-layer spins (equation (3.1)), the free-layer spin oscillates at the same frequency but with a different phase. As a result, the resistance of the MTJ oscillates as dR cos(ut + f), which is linear in dV . Thus, from Ohm's law, the following additional voltages appear across the junction:
Here, we see that the frequencies of the additional voltages are zero (DC) and 2u. It means that, under spin-torque FMR excitation, the MTJs may possess a rectification function and a mixing function. Because of these new functions, Tulapurkar et al. [26] referred to these MTJs as spin-torque diodes and these effects as spin-torque diode effects. By observing the effect, one can determine the MTJ response to the applied rf voltage precisely with phase sensitivity. For the spin-transfer torque, the maximum DC voltage output is obtained when the frequency of the applied rf voltage matches with the FMR frequency of the free-layer spin. An expression for the rectified DC voltage at resonance is shown below together with that for p-n junction semiconductor diodes:
where k B T /e is the thermal voltage (25 mV at RT). For both cases, the rectified voltage is a quadratic function of the applied rf voltage. Therefore, these detectors are referred to as quadratic detectors. The output voltage is scaled by the critical switching voltage, V c , for the spin-torque diode and by k B T /e for the p-n junction semiconductor diode. A typical critical switching voltage for the MTJs was about 300 mV and was about 10 times larger than k B T /e for the experiments in Tulapurkar et al. [26] . Therefore, the output of the spin-torque diode was smaller than that of the semiconductor diode. An increase in the MR ratio and a reduction of the critical switching voltage will enhance the performance of the spin-torque diode. Now, we introduce an application of the effect to measure the bias voltage dependences of the spin torques in the MTJs. From equation (3.1), both the spintransfer torque and the field-like torque can excite a uniform mode (FMR mode) in the free layer. The field-like torque excites FMR in the same way the external magnetic field does, since it has the same symmetry as the external field, whereas FMR excited by the spin-transfer torque shows a 90
• difference in the phase. This difference in the precessional phase is a consequence of the different directions of the respective torques ( figure 3 ). The motion of the spin, illustrated in figure 5 , corresponds to that excited by the spin-transfer torque at the resonance frequency. However, the motion of the spin excited by the field-like torque shows a 90
• difference in the phase. As a consequence, only the resonance excited by the spin-transfer torque can rectify the rf current at the resonance frequency. In the frequency region, the spectrum excited by the spin-transfer torque exhibits a single bell-shaped peak centred at the resonance frequency but that excited by the field-like torque is of a dispersion type. This very clear difference provides us with an elegant method to distinguish spin-transfer torque from field-like torque [26] [27] [28] . Sankey et al. [27] and Kubota et al. [28] experimentally observed the bias dependence of the torques in CoFeB/MgO/CoFeB magnetic tunnel junctions.
In figure 6a , a schematic of the measurement set-up for the spin-torque diode effect with a cross-sectional view of the MTJ employed in Tulapurkar et al. [26] is shown. The rf voltage was applied through a bias T from a high-frequency oscillator and the DC voltages across the MTJ can be detected using a DC nanovoltmeter. In figure 6b , an example of the diode spectrum (filled dots) is shown together with a fitting curve. The data were taken at RT without applying a DC bias voltage. The observed spectrum has an asymmetrical shape and was well fitted as the superposition of a bell-shaped spectrum and a dispersion-shaped spectrum. By this fitting, the spectrum was decomposed into a contribution from the spin-transfer term and from the field-like term. The intensity and even the sign of the field-like term contribution varied from sample to sample, while those of the spin-transfer term were reproducible. Therefore, it is thought that the contribution from the field-like term at zero bias voltage is very sensitive to small [21] ) with different spin splitting, 3. Circles show the experimental results obtained for a CoFeB/MgO/CoFeB MTJ using the spin-torque diode effect (after Kubota et al. [28] ). Circles, experiment (RT); solid line, theory, e = 2.25 eV; dashed line, theory, e = 2.00 eV.
defects in the magnetic cell. By taking a sample that does not show a contribution from the field-like term, Kubota et al. have investigated the DC bias voltage dependence of the spectra [28, 29] . The results are shown in figure 7 together with theoretical predictions [21] .
As shown in the figure, the bias dependence of the spin-transfer torque is neither monotonic nor symmetric. This slightly complicated behaviour can be understood from equation (4.5) . Assume that FM1 and FM2 are made of the same material. Then, owing to the symmetric conditions for tunnelling, the conductance (G ++ − G −− ) is an even function of the voltage but (G +− − G −+ ) is odd. Since the total torquance is the sum of these functions, the torquance may show somewhat complicated bias voltage dependence. The experimental data were well explained by band theory, in which bias-dependent spin sub-channel conductivities were taken into account [21] .
It has been pointed out that one of the important origins of the field-like torque in MTJs is the change in the interlayer exchange coupling through the barrier layer at a finite bias voltage [20, 21] . In figure 7b , the theoretically obtained strengths of the field-like torque are plotted as a function of the bias voltage [30] . As theoretically predicted for symmetrical MTJs, the field-like torque is an even function of the bias voltage. Its strength is less than one-fifth that of the spintransfer torque. The experimental results obtained so far [26, 27] seem to agree with this prediction.
The field-like torque could have originated from other mechanisms that are similar to those responsible for the 'b-term' in magnetic nanowires. Several mechanisms, such as spin relaxation [16, 18] , Gilbert damping [22] , momentum transfer [19] , spin-wave excitations [23] and a current-induced Ampere field, have been proposed for the origin of the 'b-term'. Further quantitative and systematic investigations on the field-like torque are necessary to reveal the intrinsic origins of the field-like torque.
Spin-transfer oscillator and negative resistance effect
It is known that magnetic nanopillars may show spontaneous precession under the simultaneous application of both a DC voltage and an external field [24] . The output power, however, was very small (typically in the range of several tens of picowatts) because of a small magnetoresistance effect in the metallic junctions. Since the rf output power from a spin-transfer oscillator is a quadratic function of the magnetoresistance effect, a tremendously larger output power can be expected for MTJs. For this purpose, we have developed an MTJ with very low resistance × area product and a high MR, and observed a large rf output from CoFeB/MgO/CoFeB MTJs [31] .
We also predict that an MTJ with a very high MR and rf emission may also show a negative resistance effect, and thus possess an amplification function when it is driven by a constant-voltage mode under an external field. At zero external field under an applied voltage, the MTJ only shows a switching event and hysteresis in the I -V curve, whereas the I -V curve predicted for the 90 Oe external field does not show P to AP switching but a continuous and reversible transition from the P state to the precession state. During this transition, the current becomes smaller for a larger voltage, i.e. a negative differential resistance is expected. Such a negative resistance is not expected for MTJs with tunnelling magnetoresistance values smaller than 100 per cent. In semiconductor physics, it is known that, if a two-terminal device shows a negative differential resistance, it can amplify small electric signals, such as in Esaki diodes. This means that a simple MTJ is not only a passive magnetoresistance device but also an active device that shows spontaneous oscillation, negative resistance and amplification functions owing to the spin-transfer torque.
Surface magnetic anisotropy and voltage effect
The manipulation of the magnetization direction by an electric current has been investigated in the research field of magnetic memories and logic applications. In particular, recent findings of the spin-transfer effect, as reviewed in the previous sections, have accelerated the development of novel manipulation methods of magnetic moments in a nanoscale magnetic element. However, the current consumes a much larger energy compared with the thermal stabilization energy for magnetic bit information, which is often estimated as (50-60) × k B T . Since the voltage, as in complementary metal-oxide-semiconductor field-effect transistor (C-MOS FET) technology, does not consume high energy, in principle, voltage control of the magnetization will be a promising candidate as a future writing technique.
There have been a lot of experimental approaches for voltage control of magnetic properties, such as the electric-field control of magnetostriction in a multi-layered stack with piezoelectric materials [32, 33] , Curie temperature in ferromagnetic semiconductors [34] [35] [36] , voltage control of interlayer exchange coupling [37] , magnetoelectric effect in single-phase multiferroic materials [38] or a two-phase multiferroic system including artificial ferroelectric/ferromagnetic heterostructures [30, [39] [40] [41] [42] [43] . Recently, as an important pioneering work, a direct voltage application effect on magnetic anisotropy was reported in thin 3d ferromagnetic metal layers of FePt (FePd) using a liquid electrolyte [44] . However, to employ this effect in practical applications, it should be realized in all-solid-state devices. For this purpose, we employed an ultrathin Fe (001) single-crystalline film to control its surface magnetic anisotropy by voltage application [45] .
The magnetic energy of an ultrathin film is expressed as a function of the film thickness, t, and its magnetization direction as follows:
where A is the cross-sectional area of the magnetic cell, m 2 is the magnetization in the magnetic cell, H ext is the applied external field, and m 0 = 4p × 10 −7 H m −1 is the magnetic susceptibility of the vacuum. K volume (s 2 ) is the crystalline anisotropy energy per unit volume in the magnetic cell and is dependent on the direction of the spin, s 2 , reflecting the crystalline symmetry. K surface (s 2 , V ) is the surface magnetic anisotropy energy per unit surface area. This term arises from broken symmetry at the surface and can be changed by a voltage application. From s 2 , the dependence of the magnetic energy, the effective magnetic field, H eff , in equation (3.1) is obtained as follows:
Bruno treated the surface magnetic anisotropy in 3d ferromagnetic metals taking spin-orbit interaction as a perturbation [46] . a fourfold rotation operator around the y-axis,C 4y , Bruno's expression (eqn (12) in Bruno [46] ) is simplified and the change in the magnetic energy between perpendicular magnetization and in-plane magnetization is expressed as follows:
where n and n represent electronic states below and above the Fermi level, 3 F , respectively, x is the spin-orbit parameter [46] , 3 n , k n and s n are single electron state energy, wavevector and spin of the state n, respectively, and C 4y operates upon the d-state base functions and rotates the atomic orbital part asC 4y |d yz = |d xy . In the ultrathin Fe (001) layer, since the majority spin d-bands are almost occupied [48] , the minority spin d-bands mainly contribute to the surface anisotropy energy. The wave functions and their eigen-energies are perturbed by a voltage application as follows:
and
where f(x) is a self-consistent scalar potential.
The application of a voltage between ferromagnetic ultrathin electrodes deposited onto a metal substrate and a metal counterelectrode that is separated by an insulator (figure 8) provides an electric field and potential, which penetrate into the metal surface. The penetration depth, l, estimated from the density of states at the Fermi energy in Fe is about one-sixth of the atomic layer distance, d (d = 0.143 nm for the Fe (001) surface). The electric potential around the topmost atomic layer is estimated to be
for a classic jellium model. Here, z is a coordinate that is perpendicular to the film surface. The origin is at the centre of the topmost atomic layer. E 0 is the electric field strength at the surface (z = d/2). The energy shift of the 3d m orbital can be expressed using a Taylor expansion of the potential around an atomic position as
with Q zz m being the quadrupole tensor element and r 2 ∼ = (d/2) 2 being the expectation value of the 3d orbital radius squared. The quadrupole moment depends on the magnetic quantum number m and for the 3d orbital is Q zz m = 2(2 − m 2 ) r 2 /7. The linear term in equation (7.5) also gives an energy level shift through second-order perturbation. This Stark effect was also discussed as a candidate to control magnetic anisotropy [49] . The effect, however, is thought to be small since it is a second-order effect. In addition, this mechanism should show an even effect with respect to the applied voltage and does not agree with our observations. Therefore, in equation (7.6) , the Stark effect is neglected. From equation (7.6), we estimate that d3 ⊥,mm = 3.9, 3.4 and 1.9 meV for m = 0, 1 and 2, respectively, under an electric field of 1 V nm −1 at the surface. Such an orbitdependent energy shift causes a first-order change in the anisotropy energy as follows:
where d3 //,nn is the virtual energy shift with the electric field applied along the x-direction. In the above expression, the contributions from the d xy and d x 2 −y 2 orbitals are neglected for simplicity. Accumulation and depletion of the electrons at the surface also contribute to the magnetic anisotropy energy change if the system has a large magnetic anisotropy without voltage application. This is usually true since the surface provides a broken symmetry and surface magnetic anisotropy. Finally, a change in the wave function by voltage also causes magnetic anisotropy change if two bands include the same d-orbital, since the matrix element n (0) | −ef(x)|n (0) is zero for different d-orbitals. 
Voltage control of magnetic anisotropy in ultrathin 3d ferromagnetic layer/MgO junctions
We have succeeded in observing a large voltage-induced perpendicular magnetic anisotropy change in the ultrathin FeCo layer and demonstrated a voltageinduced magnetization switching by assisting magnetic fields in an all-solid-state device at RT [45, 50] . The schematic of the sample stack is shown in figure 8 . Multilayers of MgO (10 nm)/Cr (10 nm)/Au (50 nm)/Fe 80 Co 20 (t FeCo )/MgO (10 nm) were grown on a single-crystal MgO (001) substrate by molecular beam epitaxy. To improve the surface flatness, an Au buffer layer was annealed at 200 • C after RT deposition. The ultrathin FeCo and MgO layers were epitaxially grown on the Au layer at RT. After depositing the top MgO layer, the sample was removed from the deposition chamber and the surface was coated with a polyimide layer (1500 nm in thickness) by using a spin coater. An indium tin oxide (ITO) electrode of 1 mm diameter was fabricated using a metal mask. The bias voltage, V bias , was applied between the top ITO electrode and the bottom Au electrode. The polyimide layer was used to assure a pinhole-free barrier over an extended area. The bias direction was defined with respect to the top ITO electrode (figure 8). To investigate the magnetic hysteresis curve of the FeCo layer, the Kerr ellipticity, h K , was measured in the polar configuration under the application of voltage. Figure 9 shows representative magnetic hysteresis curves of the ultrathin FeCo layer with different thicknesses under zero bias voltage application. The ultrathin FeCo layer, sandwiched between the Au and MgO layers, exhibits perpendicular magnetic anisotropy. The transition of the easy axis from in-plane to out-of-plane directions occurs at t FeCo = 0.58 nm.
At around the critical thickness, the change in the hysteresis curve is expected to be the most sensitive to the voltage application. In fact, a drastic change in the hysteresis was found under bias voltage applications, as shown in figure 10 . When positive V bias is applied, perpendicular magnetic anisotropy is suppressed and the saturation field increases with increasing V bias . On the other hand, negative V bias application induces perpendicular magnetic anisotropy. Surprisingly, clear square hysteresis, which means that the film was magnetized in the perpendicular direction, was observed under V bias = −200 V. This indicates that the electrical manipulation of the magnetic easy axis between the in-plane and out-of-plane directions was realized in this experiment. Although the origin of this kind of direct voltage-induced magnetic anisotropy change in an ultrathin metal ferromagnetic layer is still under discussion [51] [52] [53] [54] [55] , one possible cause is the relative change of occupation states in each 3d orbital with different orbital angular momenta by charges accumulated at the ultrathin FeCo/MgO interface (see schematic in figure 11 ), as pointed out in the previous section.
In the thinner region below the critical thickness, a voltage-induced anisotropy change can be observed as a change in coercivity. Figure 12a shows hysteresis curves measured under V bias = ±200 V for the sample with t FeCo = 0.48 nm. A coercivity change of about 4 Oe was induced between +200 and −200 V. Using this effect, we have demonstrated voltage-induced magnetization switching under small external magnetic fields. For example, by applying a negative saturation magnetic field of −100 Oe, followed by increasing the external magnetic field to just below the positive coercivity, the magnetization state settled in the A state in figure 12a . This state is stable under zero bias voltage (not shown here). However, it would be unstable under a positive voltage application owing to the decrease in the perpendicular magnetic anisotropy. Consequently, voltage application induces the magnetization to switch from the A state to the B state, as shown in figure 12b . Once the magnetization has switched, it remains in that state, even if we applied a negative voltage, which should increase the coercivity. Switching in the opposite direction, from the C to the D state, could also be realized under negative assisting magnetic fields by applying a positive bias voltage (not shown here). Although a similar demonstration was reported in a ferromagnetic semiconductor system [35] , it should be emphasized that we could realize it in a conventional 3d ferromagnetic metal/MgO-based junction at RT. This is important progress for practical spintronic applications.
In the last part of this section, we suggest a novel magnetization switching technique, employing the voltage-induced magnetic anisotropy change found in this study. Figure 13 shows the result of the macro-spin model simulation using equation (3.1) with voltage control of the anisotropy field. Here, we used parameters obtained in our previous experiments [45] : damping constant a = 0.025, and perpendicular magnetic anisotropy field of 150 Oe under the negative voltage application and 275 Oe under the zero bias state. The magnetic cell is assumed to have a rectangular shape, with a 200 Oe inplane hard axis demagnetization field. An external magnetic field of 100 Oe is applied perpendicular to the film plane to tilt the magnetization towards the perpendicular direction. Under the zero bias voltage, point A is the stable state. If we apply a negative bias voltage with a slow rise time, voltage-induced anisotropy change causes the tilt of the magnetization from point A to point B. However, if the rise time of the pulse is short enough (less than 1 ns), dynamic precession and switching to another energetically stable point, C, can be achieved. When the voltage pulse is switched off with a slow fall time, the magnetization stabilizes at point D after the relaxation process. This simulation clearly shows that, if we fabricate an MgO-based junction with rf signal access, successful magnetization switching by the application of a high-speed pulse should be possible. Very recently, a similar suggestion of dynamic switching was suggested by Stöhr et al. [49] . Since we have already succeeded in controlling the magnetic easy axis between the out-of-plane and in-plane directions in the FeCo-MgO system, as shown in figure 10 , we believe that this novel dynamic magnetization switching will be demonstrated in the near future and will be the most successful technique in combination with magnetoresistive structures. In summary, we have succeeded in observing large voltage-induced magnetic anisotropy change in Au/ultrathin FeCo-MgO junctions. At around the critical thickness of perpendicular magnetic anisotropy in the ultrathin FeCo layer, the transition of the magnetic easy axis from the in-plane to the out-of-plane direction could be achieved. Furthermore, below the critical thickness region, the coercivity of the perpendicularly magnetized FeCo layer could be controlled by voltage application. Using this effect, we demonstrated voltage-induced magnetization switching under small external magnetic fields. We also proposed the novel magnetization switching method using dynamic precession induced by the voltage application. Our results have great significance from the viewpoint that we can control magnetic anisotropy in conventional 3d ferromagnetic metal-MgO junctions, which can be combined with high-quality Fe/MgO/Fe MTJs, leading to great innovations in ultra-low-power spintronic devices.
Summary
The control of the magnetization in magnetic nanodevices was discussed. Current injection into the magnetic multi-layer causes spin-transfer torque and field-like torque and yields magnetization reversal and/or spin-transfer oscillation of the thin magnetic cell. By employing a magnetic tunnel junction with the giant tunnelling magnetoresistance effect, the spin-transfer oscillation offers a high rf power output from a nanoscale magnetic junction and the rectification effect of the rf signal. The negative resistance effect and accompanying amplification function of the magnetic tunnel junction are also predicted.
The voltage application onto the magnetic tunnel junction causes a change in magnetic anisotropy. The effect can be used as a new method for reverse magnetization with ultra-low power consumption.
